Plasma immersion ion implantation ͑PIII͒ is conducted on insulating materials using a conducting grid to enhance the ion implantation energy. The biased grid that is connected to the sample holder enshrouds the insulating specimens, and ions from the overlying plasma are implanted through the grid into the samples. The implantation voltage is applied to the grid via the sample platen so problems associated with PIII of insulating materials such as capacitance and charging ͑and secondary electrons͒ effects can be greatly alleviated. In the work reported here, we investigate the efficacy of the grid approach. Secondary ion mass spectrometry is used to determine the nitrogen depth profiles. Simulation indicates that for insulating specimens that are plasma implanted without the conducting grid, the maximum nitrogen ion energy is only about 23 keV for an applied voltage of 40 kV while it improves to 30 keV in the presence of the grid. The experimental results are consistent with the surface potentials derived from theoretical modeling of the charging effects. To further improve the ion implantation energy, more effective grid dimension scaling and surface shielding, more optimal separation between the conducting grid and insulator surface, as well as better confinement of the secondary electrons are required.
I. INTRODUCTION
Surface modification of dielectric/ceramic materials by implantation can prolong the lifetime and enhance the surface properties. Impurity elements introduced into dielectric materials by ion implantation can change the compound matrix and influence the surface performance with respect to wetting, and its mechanical, optical, electrical, and biocompatibility properties. Plasma immersion ion implantation ͑PIII͒ is a promising technique for surface modification and has been extensively investigated for implantation of metallic and semiconductor materials. 1 The method boasts several advantages including high ion flux, high throughput, capability of treating irregular targets, small instrumental footprint, and simpler instrumentation compared to conventional beamline ion implanters. In PIII, the samples are immersed in a plasma and biased to a high negative potential. Electrons are repelled and ions are accelerated and implanted into the substrate, resulting in surface mixing, modification, and even thin film formation under the proper conditions. The process is straightforward for electrically conducting samples, but when a negative high potential is applied to an insulating sample, the time-dependent surface potential may not rise to the full bias potential due to dielectric surface charging effects. The drop in potential across the dielectric material may lower the surface potential and consequently the implantation energy of the ions and the ion dose. Most of the earlier work on PIII of insulators was devoted to modeling and theoretical prediction of the charging effects on thin film transistors ͑TFTs͒. Qin et al. 2 and Cheung and co-workers [3] [4] [5] [6] coupled a PIII plasma model with a gate oxide model to predict gate oxide charging and damage. They pointed out that the charging effects may be influenced by the plasma density, pulse duration, dielectric thickness, nature of the dielectric materials, and so on. Recently, experimental work 7, 8 has been conducted to evaluate the charging effects on dielectric substrates during PIII. Oates et al. 9 ,10 carried out plasma-based ion implantation in insulators using a conducting film deposited on polymeric materials. However, this method has some limitations. The film must first of all be compatible with the process and be effectively etched afterwards. In addition, to be sufficiently conducting, the film deposited cannot be too thin otherwise a drop in voltage still occurs due to the high resistance of the film, but a thick film will reduce the ion penetration depth in the polymer. Materials from the film can be knocked into the underlying poly- 
II. EXPERIMENT AND EQUIPMENT
In this article, we report our experimental and theoretical study on the use of a conducting grid 11 to enhance the efficacy and versatility of PIII of insulators. The experimental setup is schematically illustrated in Fig. 1 . Fused quartz samples with dimensions of 10 mmϫ10 mmϫ1 mm ͑thick͒ were placed on a stainless steel stage in the vacuum chamber of a PIII machine and biased to a negative pulse potential of 40 kV with a pulse width of 20 s and repetition rate of 200 Hz. One sample was covered by an electrically conducting steel grid cage that was connected to and had the same potential as the sample stage. The square holes on the grid cage measured 2 mmϫ2 mm and the grid surface was 10 mm above the insulating quartz surface. The other fused quartz sample was exposed to the plasma directly without using the grid. Our results show that implantation energy is enhanced when a conducting grid is used. Charge accumulation on the insulator surface that would otherwise influence the ion impact energy is reduced because secondary electrons generated by incident ions are reattracted to the insulator surface by the negatively biased grid.
III. RESULTS AND DISCUSSION
The implantation potential of the stage and surface potential of the insulator without the grid simulated using a theoretical model described elsewhere 7 are shown in Fig. 2 . The results show that, due to capacitance effects, the insulator surface can only acquire about half of the potential applied. The wave form of the insulator surface is simulated based on charging effects and capacitance effects that distort propagation of the dynamic sheath. During PIII, as the ion sheath propagates, charge is deposited and accumulated on the insulator surface, resulting in a drop in surface potential, so that
where V (t) is the surface potential of the insulator, V 0 is the potential applied to the stage, and ⌬V (t) is the drop in potential between the insulator surface and the stage. The drop in potential is expressed as
It implies that the drop in potential on the insulator surface is critically dependent on the charge accumulated, relative permittivity r , as well as the thickness of the insulator. The surface charge is given by
The charge accumulated is not only determined by the amount of ions collected but also by the number of positive counts generated by irradiation of the incident ions, that is, the secondary electron coefficient ␥. The ion current density j i(t) can be derived by modifying the Child-Langmuir law
where 0 is vacuum permittivity, e is the electronic charge, s 0 is the ion-matrix sheath thickness, and s (t) is the timedependent ion sheath thickness. The secondary electron coefficient ␥ is related to the insulator surface potential and potential applied by 13 ␥ϭ␥ 0 ͱ Figure 3 shows that the implantation current density is high during the initial stage of the pulse and it gradually diminishes to a low and more or less constant value whereas the charge on the insulator builds up rapidly. In the fall time region shown in Fig. 2 , it takes about 15 s to achieve zero potential. The fall time of the pulse is determined by the resistance-capacitance (RC) constant of the cable and the series of pull-down impedance.
14 Since it is difficult to supply electrons through the cable and the insulating sample to neutralize charge accumulated on the surface, the surface discharge characteristic differs from that of conducting ma- terials. The pull-down time is much shorter and an overshot can be observed at the end. It is believed that when the potential applied is cut off, the plasma pulls back immediately at acoustic speed and the ion sheath retracts rapidly. Electrons in the plasma are subsequently supplied to the insulator surface to neutralize the charge accumulated and a positive potential can be recorded due to the large number of electrons arriving instantaneously at the insulator surface.
To corroborate our theoretical results, nitrogen depth profiles were acquired by secondary ion mass spectrometry ͑SIMS͒ from quartz samples plasma implanted with and without the grid and the results are shown in Fig. 4 . To fit the profiles, Lindhard-Scharff-Schiott ͑LSS͒ theory 15 was employed. This model was chosen in this study because it provides adequate accuracy to first order and the overall theoretical fitting process is quite complex. In our PIII system, N 1 ϩ and N 2 ϩ are coimplanted because of the lack of mass selection in PIII and the ion energy distribution is further broadened because of the nonzero rise and fall times of the voltage pulses. The resulting nitrogen profile thus consists of the superposition of the various profiles with different energies and doses with each individual distribution expressed to first order by
where i is the ion index for each energy, D is the implant dose, R p is the projected range, and p is the projected straggle. Our results reveal that ϳ23 and ϳ30 keV implantation energy (N 1 ϩ ) can be fitted for the tails of SIMS profiles acquired from samples without and with the grid, respectively, compared to bias voltage of 40 kV. The net improvement using the grid is about 30% and the implantation energy derived from the experimental nitrogen profile for the sample implanted without the grid is in agreement with the modeled results based on the potential wave form depicted in Fig. 2 . This corroborates the validity of the theoretical model established in our laboratory and used in this study.
The advantages of enshrouding the insulator substrate with a conducting grid cage is to more effectively accelerate the ions from the plasma, reduce capacitance effects on the sample, build up equipotential space between the grid and insulator surface, and to retract secondary electrons generated by ion bombardment thereby reducing surface charging. However, our experimental results show that, even with the grid, ions accelerated through the grid holes are not implanted at full potential. The SIMS and simulated data exhibited in Fig. 4 indicate that the highest energy of N 1 ϩ is only 30 keV with a maximum projected range of approximately 93 nm. It is believed that our experiments were not conducted with optimized dimension scaling. The square holes on the grid used in the experiment may be so large that the insulator surfaces in the vicinity of the center of the holes are exposed to the plasma. Besides, the distance between the grid and insulator surface may also result in inefficient shielding of the drop in potential on the insulator surface and ions may become decelerated once they get past the grid. Low-energy secondary electrons emitted from the sample surface should in principle be bounded by and reflected back from the grid to neutralize surface charging, but the large grid holes may allow some of them to go through to the overlying plasma since the vacuum chamber wall is at ground potential. The net improvement in our initial experiments is nonetheless obvious and we are conducting more investigations on the effects of the size, shape, and spacing of the grid on the ion energy as well as on lateral ion energy and dose uniformity across the insulating sample. The compatibility of the grid, for example, influence of sputtered contamination from the grid, and the use of sample rotation are also being studied in our laboratory in order to refine the methodology which is expected to be a significant breakthrough that will dramatically expand the application of PIII to the biomedical and polymeric industry. 
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